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Introduction
During cell division, dynamic microtubules attach to and align
chromosomes within the mitotic spindle before segregating the
replicated sister chromatids equally between two daughter cells. A
general prerequisite for precise distribution of the genome is
chromosome biorientation, whereby each sister kinetochore 
is attached to the plus-ends of microtubules that emanate from
opposing spindle poles. Cells deploy a highly sensitive surveillance
mechanism that is capable of delaying anaphase if every
chromosome has not achieved biorientation within the spindle. This
‘surveillance mechanism’ is known as the spindle assembly
checkpoint (SAC) (Musacchio and Salmon, 2007).
In addition to its crucial role in attaching chromosomes to
microtubules, the kinetochore is also the physical site at which the
localization and activities of signaling molecules are integrated into
a ‘wait-anaphase’ signal when chromosomes are not bioriented
(Rieder et al., 1994). Normally, anaphase onset is triggered by the
activation of an E3 ubiquitin ligase called the anaphase-promoting
complex/cyclosome (APC/C) (King et al., 1995; Sudakin et al.,
1995), which targets key mitotic substrates for degradation,
including cyclin B and securin (Fig. 1A, right) (Peters, 2006).
Degradation of these two substrates leads to loss of maturation-
promoting factor (MPF) activity (because the MPF complex
comprises Cdk1 and its activator cyclin B) as well as activation of
the cohesin-cleaving activity of separase through proteolysis of its
inhibitor securin (Ciosk et al., 1998; Glotzer et al., 1991). In the
presence of unaligned chromosomes, the SAC pathway generates
an inhibitory signal that blocks APC/C function (Fig. 1, left).
Molecularly speaking, the most potent inhibitor of the APC/C is a
four-protein complex known as the mitotic checkpoint complex
(MCC), which consists of the checkpoint proteins Mad2, BubR1,
Bub3 and the APC/C regulator Cdc20 (Sudakin et al., 2001). All
four of the MCC components are enriched at unattached
kinetochores and a significant fraction of each protein turns over
rapidly (Howell et al., 2000; Howell et al., 2004; Kallio et al., 2002a;
Shah et al., 2004). The kinetochore is postulated to be the site where
the four key components of the inhibitory SAC signal are brought
together to assemble soluble MCC that promotes inhibition of the
APC/C. [For other models and further discussion of this topic, there
are several recently published reviews (Burke and Stukenberg, 2008;
Ciliberto and Shah, 2009; Musacchio and Salmon, 2007).]
In this Commentary, we begin by reviewing the history of an
ongoing discussion in the SAC field: the tension-versus-attachment
debate. We then focus on new findings that have revealed a possible
role for mechanical changes within the kinetochore structure,
known as intrakinetochore stretch, in regulating SAC function. In
concluding, we consider several mechanistic models that could
explain how these mechanical changes affect microtubule
attachment stability and SAC signaling.
Silencing the SAC: the tension-versus-
attachment debate
It has been hypothesized that two inputs control the wait-anaphase
signal: first, kinetochore-microtubule attachment and, second, the
tension generated by stretching of centromeric chromatin between
sister kinetochores (Fig. 1). Proponents of a ‘partitioned-checkpoint’
hypothesis hold that specific signaling molecules directly and
distinctly generate a wait-anaphase signal in response to the state
of the two inputs. According to this model, there is an unattached
signal that is mediated by Mad2 and its kinetochore-associated
receptor, Mad1, both of which become highly enriched at unattached
kinetochores by a mechanism that is poorly understood (Waters 
et al., 1998). There is also a low-tension signal that is associated
with kinetochore localization of BubR1, Bub3 and Bub1 (depending
on the model system), as well as kinetochore phosphorylation that
can be experimentally detected by phospho-specific BubR1
antibodies and the 3F3/2 antibody, which recognizes a kinetochore-
associated phospho-epitope(s), one of which is reported to be
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Summary
Recent high-resolution studies of kinetochore structure have transformed the way researchers think about this crucial macro-molecular
complex, which is essential for ensuring chromosome segregation occurs faithfully during cell division. Kinetochores mediate the
interaction between chromosomes and the plus-ends of dynamic spindle microtubules and control the timing of anaphase onset by
regulating the spindle assembly checkpoint (SAC). There is much debate in the SAC research community as to whether mitotic cells
sense only microtubule attachment at the kinetochore, or both attachment and tension, before committing to anaphase. In this Commentary,
we present a brief history of the tension-versus-attachment debate, summarize recent advances in our understanding of kinetochore
structure and focus on the implications of a phenomenon known as intrakinetochore stretch for SAC regulation. We also hypothesize
how intrakinetochore stretch might impact SAC function by regulating both microtubule attachment stability and the localization and
activity of checkpoint components at the kinetochore.












phosphorylated BubR1 (Elowe et al., 2007; Essex et al., 2009;
Gorbsky and Ricketts, 1993; Logarinho et al., 2004; Skoufias et
al., 2001; Wong and Fang, 2007). Critics of the partitioned-
checkpoint theory propose that tension, at best, contributes to SAC
satisfaction indirectly by stabilizing kinetochore-microtubule
attachment (Fig. 1).
Because chromosome biorientation is the geometry that best
ensures equal segregation of the genome, it has been postulated
that cells would be well-served to detect biorientation by monitoring
the elevated tension state of centromeric chromatin and the
kinetochores (McIntosh, 1991). This ‘tension hypothesis’ garnered
strong support from a classic set of micromanipulation studies in
which praying mantid spermatocytes that delayed anaphase in the
presence of a single tensionless chromosome could be coaxed to
complete cell division by artificially applying tension to the
chromosome with a microneedle (Li and Nicklas, 1995). It was also
demonstrated that application of tension to chromosomes reduced
the phosphorylation state of a kinetochore component implicated
in regulating cell division – the kinetochore-associated phospho-
epitope recognized by the 3F3/2 antibody (Nicklas et al., 1998;
Nicklas et al., 1995). It had previously been shown that
microinjection of the 3F3/2 antibody blocked dephosphorylation of
the epitope and arrested mammalian cells in metaphase (Campbell
and Gorbsky, 1995). Accumulation of the 3F3/2 phospho-epitope,
hyperphosphorylation of BubR1 and mitotic delay could all be
induced pharmacologically by reducing tension at kinetochores with
the microtubule-stabilizing drug taxol (Elowe et al., 2007; Waters
et al., 1998). Significant support for the existence of separate
attachment- and tension-sensing pathways of the SAC came from
a study in which HeLa cells treated with low doses of the
microtubule-depolymerizing drug vinblastine became arrested in
mitosis with bioriented chromosomes exhibiting reduced tension,
but without apparent defects in microtubule attachment or detectable
levels of kinetochore-associated Mad2 (Skoufias et al., 2001). More
evidence in support of a role for tension in regulating SAC signaling
came from studies in budding yeast in which the presence of
unreplicated mitotic chromatids, and thus the complete absence 
of centromere stretch, were found to prevent SAC satisfaction (Stern
and Murray, 2001). Similarly, the presence of monopolar spindles
in which chromosome biorientation cannot be established was also
found to delay tissue cells in mitosis (Kapoor et al., 2000).
Although the evidence indicating that lack of tension could
stimulate production of a wait-anaphase signal appeared to be
growing, there were many experimental caveats and
contemporaneous findings suggesting that tension might not have
such a direct role in SAC regulation. This focused the attention of
researchers back onto attachment as the primary regulator of SAC
signaling. The SAC pathway is so sensitive to kinetochore-
microtubule attachment that the presence of a single unattached
kinetochore is sufficient to prevent anaphase onset (Rieder et al.,
1994). Laser ablation experiments in PtK cells demonstrated that
this mitotic delay was mediated by an inhibitory signal generated
by the unattached kinetochore (Rieder et al., 1995). This work also
hinted that lack of tension was not sufficient for generating the wait-
anaphase signal, because cells containing a mono-oriented
chromosome in which the unattached kinetochore was ablated exited
mitosis shortly after ablation.
Experimentation also began pointing towards a role for tension
in regulating microtubule attachment stability (Fig. 1A, left).
Micromanipulation experiments in spermatocytes revealed that
tension increased the number of kinetochore microtubules, probably
by stabilizing attachment (King and Nicklas, 2000). In addition,
exposure to tension-reducing drugs such as taxol or monastrol,
which inhibits the kinesin 5 family member Eg5 resulting in
monopolar spindles, yielded chromosomes with detectable levels
of Mad2, a hallmark of unattached kinetochores (Kapoor et al., 2000;
Waters et al., 1998). Furthermore, the effects of taxol and monastrol
could be over-ridden by microinjection of an inhibitory Mad2
antibody (Canman et al., 2003; Waters et al., 1998).
These experiments precipitated questions as to how tension could
regulate microtubule attachment at the molecular level. Initial
insights into the molecular mechanism linking tension to



































Fig. 1. Schematic of the spindle assembly checkpoint (SAC) pathway and
a ‘macro view’ of kinetochore-microtubule attachment and chromosome
biorientation. (A) The anaphase-promoting complex/cyclosome (APC/C)
promotes mitotic exit and anaphase onset by targeting cyclin B and securin for
degradation by the proteasome. If even a single chromosome is improperly
aligned within the spindle then the SAC inhibits the APC/C and the cell delays
in mitosis to provide more time to correct alignment errors. Reduced
kinetochore-microtubule attachment inhibits the APC/C by generating a
soluble inhibitor called the MCC, which is a four-protein complex consisting
of Mad2, BubR1, Bub3 and Cdc20. Reduced tension also inhibits the APC/C,
although there is debate as to how exactly this is achieved. It is generally
agreed that one way in which reduced tension inhibits the APC/C is by
reducing kinetochore-microtubule attachment through the action of the 
Aurora B kinase. The more contentious issue in the field, highlighted in the
shaded ‘Tension-vs-attachment’ region, is whether reduced tension can also
directly inhibit the APC/C. (B) Chromosomes that are not bioriented generate
a wait-anaphase signal that inhibits the APC/C and prevents SAC satisfaction.
Chromosome biorientation occurs when attachment factors in the outer
kinetochore (green) of each sister chromatid engage microtubules emanating
from opposite spindle poles. This generates centromere stretch as evidenced
by the increased distance between the inner kinetochores (red) of each sister as
well as intrakinetochore stretch, which is an increase in the distance between
the inner and outer kinetochore. In the bioriented configuration a wait-
anaphase signal is no longer generated (represented by the red X) and the












kinetochore-microtubule attachment stability came from studies of
budding yeast. The checkpoint response to lack of tension in budding
yeast was found to be dependent on the activity of the Aurora B
kinase homologue Ipl1 (Biggins and Murray, 2001). There is now
evidence that Aurora B (Ipl1 in yeast), which phosphorylates
kinetochore proteins that bind microtubules and reduces their
binding affinity (Cheeseman et al., 2002; Cheeseman et al., 2006;
DeLuca et al., 2006), primarily contributes to the SAC pathway by
creating unattached kinetochores (Fig. 1A, left) (Pinsky et al., 2006).
Manipulating the function of Aurora B kinase has been used by
SAC researchers to probe the relative contributions of tension and
attachment to SAC signaling. Inhibition of this kinase activity
stabilizes kinetochore-microtubule attachments (Cimini et al., 2006)
and reduces the duration of mitotic delays that are associated with
lack of tension. In general, these data are interpreted to mean that
the wait-anaphase signal that is generated under ‘low-tension’
conditions must be derived, not from reduced tension, but from
defects in microtubule attachment. However, a survey of Aurora B
inhibition studies reveals that this conclusion is not so clear cut
(summarized in Table 1). Most notable is that the checkpoint
response to microtubule depolymerization, which undoubtedly
produces unattached kinetochores on every chromosome, is also
compromised in response to Aurora B inhibition in a number of
different cell types. Furthermore, Aurora B perturbation has
pleiotropic effects, which include defects in kinetochore assembly
that negatively impact recruitment of checkpoint proteins to the
kinetochore (Table 1) (Musacchio and Salmon, 2007). As 
Aurora B function is required for kinetochore assembly and
generally for maintaining SAC activity, perturbations of this kinase
are a blunt rather than a precise tool for dissecting the relative
contribution of tension and attachment to SAC signaling. 
The tension-versus-attachment debate has been difficult to
resolve owing to the entanglement of the two central players
(Nicklas et al., 2001; Pinsky and Biggins, 2005). In short, the debate
boils down to the question of whether lack of tension directly
produces a wait-anaphase signal or whether it indirectly does so by
reducing kinetochore-microtubule attachment through the activity
of Aurora B (Fig. 1A). Recent work characterizing mechanical
changes within the kinetochore itself, which we refer to as
‘intrakinetochore stretch’, has implications for both of these
possibilities – introducing a new kind of tension to the debate.
Intrakinetochore stretch and the SAC
Three recent studies in which inner and outer kinetochore
constituents were labeled with different colored fluorophores and
subjected to live-cell imaging or fixed-cell analysis revealed that
the distance between centromere protein-A (CENP-A) within the
inner kinetochore and proteins of the outer kinetochore (Ndc80 and
Mis12) increased as chromosomes interacted with spindle
microtubules (Maresca and Salmon, 2009; Uchida et al., 2009; Wan
et al., 2009). Hence, in addition to centromere stretch,
intrakinetochore stretch is also introduced during mitosis. Despite
the fact that these studies were carried out with different cell types
(Drosophila melanogaster S2 cells and HeLa cells), they each
concluded that SAC signaling correlates not with the extent of
centromere stretch but rather with the state of intrakinetochore
stretch. More specifically, low intrakinetochore stretch was
associated with generation of a wait-anaphase signal, whereas
increased intrakinetochore stretch correlated with SAC satisfaction.
There is supporting evidence for the concept that the wait-
anaphase signal is not directly triggered in response to reduced
centromere stretch. A study in Saccharomyces cerevisiae showed
that unreplicated dicentric chromosomes, which support assembly
of two kinetochores on the same chromosome, are capable of
aligning and satisfying the SAC, suggesting that introduction
of conventional centromere stretch is not essential for anaphase-
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onset in yeast (Dewar et al., 2004). Another more recent study in
human cells demonstrated that the SAC is satisfied in mitosis with
unreplicated genomes (MUGs), another condition in which
conventional centromere stretch cannot be generated because the
bulk of centromeric DNA is absent and sister kinetochores, which
do not exist, are not connected to each other (O’Connell et al., 2008).
In these experimental conditions, merotelic attachment of individual
kinetochores to microtubules from opposite spindle poles (an
aberrant form of attachment that does not produce a wait-anaphase
signal) (Cimini et al., 2001), is a potential source of attachment-
site tension or intrakinetochore stretch.
Hence, if the definition of tension is limited to centromere stretch,
then it could be reasonably argued that the SAC can be satisfied
without tension. However, these findings do not completely rule
out tension as a contributor to SAC signaling. In fact, an alternative
explanation of these data is that they have focused the search for
potential tension-regulated SAC mechanisms away from
interkinetochore centromere stretch and towards intrakinetochore
stretch.
Several high-resolution structural studies of the kinetochore offer
a variety of potential explanations for how intrakinetochore stretch
occurs (Fig. 2). In one electron tomography study, the outer plate
of the kinetochore was found to consist of a flexible and fibrous
network of proteins that extended outward onto attached
microtubules (Dong et al., 2007). In a second electron tomography
study, kinetochore fibrils were observed to extend outward and
connect to bending protofilaments of kinetochore-associated
microtubules (McIntosh et al., 2008). This finding complements a
previous observation, also made using electron tomography, that
most kinetochore-associated microtubules in metaphase are
embedded in the outer plate and consist of curved protofilaments
– indicative of a depolymerizing state (VandenBeldt et al., 2006).
Considering the molecular makeup of the outer kinetochore, it was
hypothesized in these electron tomography studies that the Ndc80
complex, a component of the core microtubule attachment site at
the kinetochore, could be a component of fibrous linkages to the
microtubule. Thus, extension of fibrils consisting of Ndc80 attached
to the ends of kinetochore microtubules is a possible explanation
for the measured increase in the distance between Ndc80 and 
CENP-A (Fig. 2A).
If the fibrils comprise the Ndc80 complex, then the fibril model
places the Ndc80 molecule at the very end of the microtubule, which
is ideal for coupling force production by microtubule dynamics to
chromosome movement. However, measuring the separation
between differentially labeled kinetochore proteins at nanometer
accuracy has produced a different view of the kinetochore, at least
with regards to Ndc80. Rather than being localized at the end of
the microtubule as predicted by the fibril model, the microtubule-
binding domain of Ndc80 was mapped to >50 nm interior of the
plus-ends of cold-stable kinetochore microtubules in metaphase PtK
cells (Wan et al., 2009). This suggests that many of the kinetochore-
associated Ndc80 complexes associate with the side of the
microtubule lattice, as has been shown in vitro (Cheeseman et al.,
2006). Lattice-binding models of intrakinetochore stretch in which
the Ndc80 complex binds to the side of microtubules are proposed
below. 
Direct imaging of the Ndc80 complex by electron microscopy
revealed bending at the site of a conserved break in the coiled-coil
domain of Ndc80 (Wang et al., 2008). Consequently, straightening
of the Ndc80 complex itself could account for increased
intrakinetochore stretch (Fig. 2B). This possibility is supported by
a nanometer-scale protein map of the budding yeast kinetochore,
in which the Ndc80 complex was found to shorten, relative to its
metaphase length, in late anaphase – when tension should be lost
(Joglekar et al., 2009). Although tension-mediated straightening of
the Ndc80 complex is an exciting new hypothesis, live-cell studies
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Fig. 2. There are numerous, non-mutually exclusive, explanations for how
intrakinetochore stretch could be generated. The term delta (d) represents
the distance between the inner kinetochore component CENP-A and the outer
kinetochore component Ndc80. (A) The fibril model, adapted with permission
from McIntosh et al. (McIntosh et al., 2008), proposes that filamentous
elements bind to bending protofilaments at the plus-end of kinetochore
microtubules (MTs). In the absence of bent protofilaments (left), the fibrils
would not be extended; however, association with bent protofilaments (right)
extends the fibrils and d increases. The identity of these fibrils is unknown,
although Ndc80 has been proposed as a candidate. (B) Lattice-binding models
for intrakinetochore stretch. It has been proposed that the Ndc80 complex has
a flexible kink (a), which is supported by data from studies of yeast, and that
there are compliant elements internal to Ndc80 within the kinetochore (b),
which was suggested from mapping human kinetochores. Both may be true,
but for simplicity, each example highlights one of these possibilities.
Association of Ndc80 with either fluxing kinetochore microtubules or bending
protofilaments increases d by straightening the Ndc80 complex (c), by












in tissue cells that measured intrakinetochore stretch used tags that
were positioned internal to the Ndc80 kink site; therefore, changes
in the distance between the fluorescent markers could not reflect
straightening of the complex at the bend. Furthermore, the super-
resolution protein map of the human kinetochore indicated that the
Ndc80 complex does not change its length or orientation relative
to the microtubule lattice in either the presence or absence of tension
(Wan et al., 2009). 
The super-resolution protein map of the HeLa cell kinetochore
also identified two moveable elements that are localized between
the Ndc80 complex and CENP-A. The first was a compliant element
identified as the peripheral centromeric chromatin, consisting of
CENP-A-containing nucleosomes and the inner kinetochore
component CENP-C. The second was a moveable or flexible
structural element, the identity of which is unknown, which allowed
a stiff Ndc80 complex and one end of an outer kinetochore
component called the Mis12 complex to shift inward by ~15 nm
towards the inner kinetochore component CENP-I in the presence
of taxol. Reduction of centromere stretch during chromosome
oscillations in metaphase neither generates a wait-anaphase signal
nor reduces the distance between Ndc80 and CENP-I. Therefore,
the position of the entire Ndc80 complex and part of the Mis12
complex relative to the inner kinetochore – rather than changes in
the compliant centromeric component – appears to be the most
crucial element linking intrakinetochore stretch to the SAC. In
support of this idea, near-complete loss of centromere stretch in
Drosophila S2 cells following addition of 10 nm taxol neither
prevented SAC satisfaction and anaphase-onset nor significantly
reduced intrakinetochore stretch (Maresca and Salmon, 2009).
Intrakinetochore stretch could position 
Aurora B substrates within the kinetochore
with high spatial resolution
One of the first mechanistic models to explain how tension could
affect microtubule attachment stability came from work on the
budding yeast homologues of inner-centromere protein INCENP
(Sli15 in yeast) and Aurora B (Ipl1), two components of the
chromosomal passenger complex (CPC) (Tanaka et al., 2002). This
model proposed that tension-dependent movement of kinetochore
substrates away from Aurora B during biorientation leads to
reduced phosphorylation of microtubule regulators and,
consequently, stable microtubule attachment (Andrews et al., 2004;
Tanaka et al., 2002) (reviewed by Kelly and Funabiki, 2009). The
first iteration of this model, which persists today, depicts the CPC
in a fixed position between sister centromeres regardless of stretch
state (Fig. 3A). Introduction of centromere stretch moves the
kinetochore substrate away from the stationary population of CPC,
thereby reducing the likelihood of phosphorylation by Aurora B.
However, this picture is not true to life, because the CPC stretches
along with the centromeric chromatin (Beardmore et al., 2004).
Furthermore, a recent study found that artificially positioning
Aurora B closer to the outer kinetochore destabilized microtubule
attachment and delayed anaphase onset (Liu et al., 2009). The
researchers concluded that increased spatial separation of outer
kinetochore substrates relative to Aurora B stabilizes microtubule
attachment and promotes SAC silencing. It is difficult to envision
how a stiff kinetochore structure built upon a centromeric interface
to which the CPC is always localized can provide the spatial
resolution that these models evoke. Rather, we would argue that
kinetochore substrates cannot be spatially separated from the source
of phosphorylation unless they undergo a relative movement away
from the centromeric chromatin – or unless there is intrakinetochore
stretch (Fig. 4A).
The spatial positioning of Aurora B substrates requires that the
kinase has a defined sphere of influence whereby it phosphorylates
substrates within range, but cannot modify targets that are out of
range. How is such a working distance defined? Most interpretations
envision a diffusion-based gradient of Aurora B kinase activity
emanating from the centromeric chromatin (Fig. 3). Such a gradient
would have to be highly spatially tuned and steep enough so that
it could differentially regulate kinetochore substrates that move less
than 40 nm from the source. This gradient would be very sensitive
to perturbations in the dynamic properties and lifetimes of active
Aurora B molecules; thus it might not be the most reliable
mechanism by which to regulate such an important process.
Furthermore, the gradient model absolutely depends on the presence
of a dynamic and diffusible population of Aurora B originating from
the centromere. Interestingly, the dynamic properties of centromere-
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Fig. 3. Can kinetochore phosphorylation and microtubule-attachment
stability be sufficiently regulated by a phosphorylation gradient and
centromere stretch? (A) A highly tuned Aurora B phosphorylation gradient
extends from the chromosomal passenger complex (CPC) (light blue),
localized to the inner centromere, to just beyond the kinetochores (red) under
conditions of low centromere stretch. When centromere stretch is introduced
there are two possibilities: (1) the most commonly drawn version of this model
suggests that the CPC is maintained in a fixed position upon introduction of
centromere stretch extending the kinetochores (now green) beyond the range
of the highly tuned phosphorylation gradient. This decreases the likelihood of
kinetochore phosphorylation and increases its affinity for kinetochore
microtubules. (2) Experimental evidence has shown that the CPC is stretched
along with the centromeric chromatin. As the position of the kinetochore (red)
has not changed relative to the source of the gradient, centromere stretch
cannot move the kinetochores beyond the range of the highly tuned
phosphorylation gradient and tight binding cannot be promoted. (B) A poorly
tuned phosphorylation gradient extends well beyond the sister kinetochores
and introduction of centromere stretch is not sufficient to position kinetochores
outside its reach. In this case, it would not matter whether the CPC is
stretched, so only one possibility is shown. The only example that provides the
spatial resolution required for precise regulation of phosphorylation state and
attachment stability is model 1 in A, and experimental evidence suggests that
the CPC is not maintained in a fixed position when the centromeric chromatin












found that it was a stable component of the inner centromere in all
stages of mitosis, whereas another found it to be dynamic 
(Delacour-Larose et al., 2004; Murata-Hori and Wang, 2002). It is
crucial for the diffusible-gradient model that this discrepancy is
addressed.
It has recently been postulated that Aurora B is tethered to the
centromeric chromatin within the inner kinetochore by a flexible
linker (INCENP) creating a physically defined working distance
for the molecule (Santaguida and Musacchio, 2009). As discussed
above, Aurora B that is localized at or originating from the very
periphery of the centromeric chromatin might be the most crucial
population of the kinase for regulating microtubule attachment.
Although both the tethered kinase model and the soluble gradient
model could generate something akin to a phosphorylation gradient
within the kinetochore space, it will be important to differentiate
whether this is achieved by physically tethering Aurora B to the
peripheral centromere or by a purely diffusion-based mechanism
(Fig. 4B). Although there is mounting evidence in support of spatial
positioning models for Aurora B phosphorylation at the kinetochore,
it has also been proposed that, upon chromosome biorientation, the
CPC undergoes conformational changes that are similar to
intrakinetochore stretch, which prevent activation of Aurora B
kinase by INCENP (Sandall et al., 2006). Thus, intrakinetochore
stretch could regulate Aurora-B-mediated phosphorylation
indirectly, by positioning its substrates within the kinetochore, and/or
directly, by regulating its kinase activity.
The case for intrakinetochore stretch as a SAC
regulator
The state of intrakinetochore stretch correlates with the state of the
SAC (Maresca and Salmon, 2009; Uchida et al., 2009; Wan et al.,
2009). Correlation alone does not prove that introduction of
intrakinetochore stretch directly silences the SAC; however, a
careful examination of the literature offers a compelling case that
reduced intrakinetochore stretch could stimulate a wait-anaphase
signal independently of defects in microtubule attachment (Fig. 5).
A thought-provoking study in which levels of GFP-labeled 
cyclin B1 were monitored throughout mitosis revealed that the onset
of cyclin B1 degradation, which indicates SAC satisfaction, begins
shortly after the last chromosome becomes aligned onto the
metaphase plate (which correlates with loss of Mad2 and the 3F3/2
epitope at the last attached kinetochore) (Gorbsky and Ricketts,
1993; Howell et al., 2000). Interestingly, degradation of cyclin-
B1–GFP at late metaphase was halted within 1 minute of introducing
10 mM taxol to either PtK cells or HeLa cells. Thus, this study
revealed that, even after the SAC has been satisfied, a wait-anaphase
signal can be reinitiated rapidly by taxol addition (Clute and Pines,
1999). It is unlikely that the wait-anaphase signal produced under
these conditions is a consequence of microtubule attachment
defects, because kinetochore microtubule number has been observed
by electron microscopy to increase slightly following a 10 minute
treatment of PtK cells with 1 mM taxol (McEwen et al., 1997). By
contrast, intrakinetochore stretch in HeLa cells was lost rapidly
(within 5 minutes) following addition of 10 mM taxol (Wan et al.,
2009). Thus, the case for intrakinetochore stretch is simple: a
measurable reduction in intrakinetochore stretch, but not
microtubule number, occurs on a comparable timescale as generation
of the wait-anaphase signal in response to taxol.
There are some acknowledged limitations to our case. First,
extended treatment (24 hours) of PtK cells with nanomolar
concentrations of taxol was recently reported to reduce kinetochore
fiber fluorescence intensity suggesting that taxol can compromise
microtubule attachment (Rizk et al., 2009). A second drawback is
that the three cited observations that support this theory were made
in different cell types (HeLa or PtK cells) with variable
concentrations of taxol (1 mM versus 10 mM). A standardized
approach using identical taxol concentrations in the same cell line
combined with a careful examination of microtubule occupancy
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Fig. 4. Intrakinetochore stretch can provide the spatial resolution
necessary to efficiently regulate kinetochore phosphorylation and
attachment stability. (A) The CPC, which is localized in the inner centromere
(underlying CENP-A), generates a functional range of Aurora-B-kinase-
mediated phosphorylation (red gradient). Increasing delta (d) and introduction
of intrakinetochore stretch positions the outer kinetochore outside of the
working distance of Aurora B and therefore promotes stronger binding to the
microtubule because of reduced phosphorylation. Unlike the centromere-
stretch model outlined in Fig. 3A, the intrakinetochore-stretch model allows
for movement of microtubule attachment factors such as Ndc80 relative to the
source of phosphorylation. (B) How is the working distance of Aurora B
defined? One possibility is that it acts through a diffusional gradient whereby
Aurora B becomes activated (asterisk) at a point-source (centromeric
chromatin) and then diffuses away before it deactivates (no asterisk).
Alternatively, active Aurora B kinase (asterisk) might be tethered to the
centromeric chromatin, with its working distance within the kinetochore space













under such conditions would further clarify whether loss of
intrakinetochore stretch directly regulates production of the wait-
anaphase signal.
Translating reduced intrakinetochore stretch
into a wait-anaphase signal at a mechano-
molecular level
How can reduction of intrakinetochore stretch contribute to
generation of a wait-anaphase signal? Data from the Drosophila S2
cell study suggest that intrakinetochore stretch acts upstream of
kinetochore-bound Mad1-Mad2, meaning that any signal derived
from a reduction in intrakinetochore stretch depends on recruitment
of Mad1-Mad2 to the kinetochore (Maresca and Salmon, 2009).
Furthermore, reduction of intrakinetochore stretch in S2 cells was
associated with increased phosphorylation of the 3F3/2 epitope. We
have already discussed how changes in intrakinetochore stretch
could impact phosphorylation of Aurora B substrates; however, the
fact that the 3F3/2 phospho-epitope is generated by polo kinase
(Ahonen et al., 2005; Wong and Fang, 2005) indicates that other
kinase-substrate pairings might also be regulated by intrakinetochore
stretch. Thus, Mad1-Mad2 localization and kinetochore
phosphorylation represent an ideal starting point for building
regulatory models.
Similarly to the Aurora B hypothesis, the key feature of these
models is the relative movement of two structural elements. For
the Aurora B model, this means movement of a kinetochore
component relative to the peripheral centromeric chromatin. But
what if the kinase and substrate are both located within the
kinetochore structure? In other words, can relative movement occur
within the kinetochore structure?
The nanometer-scale map of the human kinetochore says ‘yes’.
The KMN protein network, which consists of the two microtubule-
binding factors KNL-1 (also known as AF15Q14, hSpc105 and
Blinkin; hereafter referred to as KNL-1 for simplicity) and the
Ndc80 complex linked together by the Mis12 complex, makes up
the core microtubule attachment site at the outer kinetochore
(Cheeseman et al., 2006). Interestingly, two elements of the KMN
network, which were called the Ndc80 and KNL-1 arms, can move
relative to each other within the kinetochore (Wan et al., 2009). In
the presence of taxol, the Ndc80 arm, accompanied by one end of
the Mis12 complex, shifted inward towards the inner kinetochore
component CENP-I by ~15 nm, whereas the KNL-1 arm and the
other end of the Mis12 complex did not (Fig. 6A). A conformational
change in the Mis12 complex could contribute to the movement of
the Ndc80 arm relative to KNL-1; however, it is possible that a
structural reorganization of the Mis12 complex is also a crucial
component of the regulatory mechanism at work. Although this is
an interesting concept, we focus in the following section on
mechano-molecular models that explain how the movement of the















































Fig. 5. The case for reduced intrakinetochore stretch in generating a wait-
anaphase signal. (A) Schematic adaptation of data from Clute and Pines
(adapted with permission) (Clute and Pines, 1999). Cyclin-B1–GFP levels
begin declining after alignment of the last chromosome, indicating SAC
satisfaction, and anaphase onset ensues (blue line). However, even after the
SAC has been satisfied, addition of 10 mM taxol reinitiates an active wait-
anaphase signal and cyclin-B1–GFP degradation ceases within minutes (red
line). (B) However, data from an electron microscopy study by McEwen et al.
(reproduced with permission) (McEwen et al., 1997) concluded that taxol
treatment did not cause a significant decrease in kinetochore microtubule
number and, in fact, slightly more kinetochore microtubules were observed
after a 10 minute treatment with 1 mM taxol. (C) High-resolution mapping of
the kinetochore by Wan et al. (Wan et al., 2009) found that delta (d) was
reduced within 5 minutes of addition of 10 mM taxol. In this schematic, we
highlight the response of the same Ndc80 attachment site (with examples of
either a kinked Ndc80 molecule or a stiff Ndc80 complex with a flexible linker
– for details, refer to key in Fig. 2) under conditions of full intrakinetochore
stretch, relaxing to reduced intrakinetochore stretch following a 5 minute taxol
treatment. We envision that this reduction of intrakinetochore stretch is a result
of reduced flux and/or straightening of the microtubule lattice owing to loss of
bending protofilaments. Thus, reduction of intrakinetochore stretch, not
kinetochore microtubule number, occurs on the same timescale (minutes) as












The identity of the Mad1 receptor at the kinetochore is unknown.
Perhaps, rather than one strong kinetochore-associated binding
partner, there are several low-affinity binding sites located on the
different mechanical arms of the kinetochore (Fig. 6B). When
intrakinetochore stretch is low, the binding sites could be positioned
to increase the affinity of Mad1 for the kinetochore. However,
introduction of intrakinetochore stretch would position the binding
sites further apart, decreasing affinity of Mad1-Mad2 for the
kinetochore, thereby extinguishing the SAC.
Changes in the relative positioning of the two arms could also
regulate the phosphorylation state of kinetochore components
(Fig. 6C). In this model, localizing the kinase to one arm and the
substrate to the other would allow translation of intrakinetochore
stretch into a particular phosphorylation state of a kinetochore
component. Of course, positioning substrates relative to a
kinetochore-bound phosphatase has also been proposed to affect
kinetochore function (Andrews et al., 2004; Pinsky et al., 2009;
Tanaka et al., 2002; Vanoosthuyse and Hardwick, 2009). It will
be interesting to identify kinetochore-associated kinases and
phosphatases that localize to one arm while their substrates
localize to the other. 
Syntelic attachments are a result of both sister kinetochores being
attached to microtubules from the same pole – an aberrant
configuration that generates a wait-anaphase signal. Furthermore,
this type of attachment must be corrected by detaching one of the
kinetochores from its microtubules so that proper biorientation can
occur. It is possible that reduced intrakinetochore stretch in one or
both of the kinetochores contributes to the attachment correction
and wait-anaphase signaling mechanism(s) associated with syntelic
attachments. Thus, a closer look at intrakinetochore stretch in the
syntelic configuration would be of significant interest.
Are there two populations of Mad1-Mad2, and
what is the kinetochore receptor?
The corona is a transient formation, which appears in electron
micrographs as long fibrous elements that extend ~100-200 nm
beyond the outer kinetochore plate, where Ndc80 is localized
(DeLuca et al., 2005). The molecular make-up of the corona is not
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Fig. 6. Speculative models for translating the relative movement of two mechanical elements within the kinetochore into a wait-anaphase signal. (A) A
high-resolution map of the kinetochore reveals two mechanical arms within the kinetochore (KNL-1 arm and Ndc80 arm) that move relative to each other (Wan 
et al., 2009). Taxol treatment reduces intrakinetochore stretch in part by causing the Ndc80 arm (green) to move inward (represented by blue dashed line) toward
the inner kinetochore component CENP-I (set as the origin, distance=0 nm) relative to the KNL-1 arm (green), which maintains a relatively constant distance from
CENP-I (red dashed line). The linkage between these two arms is the Mis12 complex (orange) consisting of four components: hNnf1, hNsl1, Mis12 and hDsn1.
This complex undergoes a conformational change in the presence of taxol, whereby one end of the complex (hNnf1) shifts inwards while the other end (Dsn1) does
not. The C-terminus of KNL-1 is not shown because it was not mapped; however, it has been reported to interact with the Mis12 complex (Kiyomitsu et al., 2007).
The CENP-I mark probably represents the periphery of the centromeric chromatin (Wan et al., 2009). (B-D) The geometrical arrangement of the two arms could
affect SAC signaling by regulating the localization and/or phosphorylation of checkpoint components. (B) A lock-and-key model for Mad1-Mad2 localization to
the kinetochore. Low intrakinetochore stretch promotes Mad1-Mad2 binding at the kinetochore by positioning multiple low-affinity binding sites near each other.
The affinity of Mad1-Mad2 is reduced upon introduction of intrakinetochore stretch and the SAC is satisfied. The schematic drawing of Mad1-Mad2 is not meant
to convey information about the structural organization of the components but is simply meant to show kinetochore binding sites on the complex that, for example,
might only be present in Mad1. (C) Relative positioning of a kinase and its substrate promotes phosphorylation of the substrate under low intrakinetochore stretch
and reduced phosphorylation of the substrate upon repositioning of the two components when intrakinetochore stretch increases. (D) A model combining lock-and-
key with phospho-regulation. Mad1-Mad2 affinity for the kinetochore is promoted by localized phosphorylation near its binding site or of Mad1-Mad2 itself. The












entirely known but motor proteins – including CENP-E and dynein,
as well as checkpoint regulators such as Mad1, Mad2 and BubR1
– are highly enriched in the corona (Hoffman et al., 2001). Under
normal conditions, the corona is rapidly depleted upon encountering
microtubules (Cimini et al., 2003) and a dense corona only persists
in the absence of microtubules. The corona acts both as an antenna,
transmitting a robust wait-anaphase signal via its enriched
checkpoint proteins, and as a molecular grappling hook that grabs
hold of nearby microtubules through motor proteins such as 
CENP-E and dynein. Kinetochore-associated dynein streams off the
kinetochore, stripping checkpoint regulators along with it (Howell
et al., 2001). Therefore, dynein has a central role in silencing the
SAC. Microtubule attachment leads to a reduction of kinetochore-
bound Mad1-Mad2 to levels below detection by conventional
microscopy. Unlike Mad1-Mad2, BubR1 remains at lower but
detectable levels at metaphase kinetochores until just before
anaphase (Hoffman et al., 2001; Howell et al., 2004). Bub1 and
BubR1 have also been shown to interact with the outer kinetochore
component KNL-1 (Kiyomitsu et al., 2007) and therefore can
localize interior to the corona (Jablonski et al., 1998).
The mechanical model we propose depends on the existence of
a population of Mad1-Mad2, which, similarly to Bub1 and BubR1,
can associate with the core-microtubule attachment site and is
recruited to kinetochores owing to a reduction of intrakinetochore
stretch. Furthermore, this internal population of Mad1-Mad2 must
be capable of generating a wait-anaphase signal despite the fact
that it might be present at very low levels.
Ndc80 was identified in a yeast two-hybrid screen as a Mad1-
interacting protein, and depletion of Ndc80 compromises 
Mad1-Mad2 localization to the kinetochore in several systems
(DeLuca et al., 2003; Martin-Lluesma et al., 2002; McCleland
et al., 2003; Meraldi et al., 2004). More specifically, SAC function,
and presumably Mad1-Mad2 localization, is dependent on the
calponin homology (CH) domain of Ndc80 (Guimaraes et al., 2008).
However, the case for Ndc80 as the Mad1-Mad2 receptor is not
airtight; Mad2 was found to localize normally to kinetochores in
Ndc80-depleted PtK cells following nocodazole treatment, and these
cells remained arrested in mitosis for as long as control cells
(Guimaraes et al., 2008). These conflicting findings can be explained
by the presence of two distinct populations of Mad1-Mad2 – one
within the core microtubule attachment site and one within the
corona. We hypothesize that localization of the internal Mad1-Mad2
population requires the CH domain of Ndc80, perhaps via direct
interaction. Localization of Mad1-Mad2 at the kinetochore also
depends on the RZZ (rod, zwilch, ZW10) complex (Basto et al.,
2000; Buffin et al., 2005). Therefore, the RZZ complex might
comprise one of the binding sites for Mad1-Mad2 within the core
microtubule-attachment site. Alternatively, RZZ or the kinetochore
component Spindly, which depends on RZZ for its localization
(Chan et al., 2009; Gassmann et al., 2008; Griffis et al., 2007;
Yamamoto et al., 2008), might be the Mad1-Mad2 receptor at the
kinetochore, as reported for the Spindly homologue in
Caenorhabditis elegans (Yamamoto et al., 2008). However, unlike
the RZZ complex, the role of Spindly in recruiting Mad1 does not
appear to be conserved, because knockdown of Spindly expression
in Drosophila S2 cells led to accumulation of Mad2 (and presumably
Mad1) at kinetochores (Griffis et al., 2007). Interestingly, taxol
treatment has been shown to cause an increase in kinetochore-
associated Rod and ZW10 (Famulski and Chan, 2007). Thus,
reduction of intrakinetochore stretch could lead to recruitment of
Mad1-Mad2 by first recruiting a Mad1-Mad2 receptor such as RZZ.
It has been proposed that the checkpoint functions as a simple
two-state switch whereby association of the kinetochore with either
microtubules or Mad1-Mad2 is mutually exclusive (reviewed by
Burke and Stukenberg, 2008). Along these lines, it is conceivable
that association of Ndc80 with the microtubule, which requires the
CH domain (Ciferri et al., 2008; Wei et al., 2007), induces a
conformational change in this region that reduces its affinity for
Mad1-Mad2. However, recent evidence from studies of S. cerevisiae
suggests that a more complicated mechanism is at work: expression
of phospho-mimetic mutants of Ndc80 at several Mps1
phosphorylation sites delayed anaphase onset and constitutively
localized Mad2 to kinetochores independently of their microtubule-
attachment state (Kemmler et al., 2009). However, similarly to
Aurora B, Mps1 activity also appears to be required for SAC
signaling in general, because the mitotic delay induced by the Ndc80
mutant could be overcome in the absence of Mps1 activity. This
argues against the idea that microtubule attachment absolutely
precludes Mad1-Mad2 localization. In light of this finding, we
believe that the CH domain of Ndc80 in a particular phosphorylation
state could regulate localization of Mad1-Mad2 to the kinetochore:
by direct interaction; in concert with additional Mad1-Mad2 binding
factors; or by localizing a downstream Mad1-Mad2 receptor such
as the RZZ complex.
Dynein and intrakinetochore stretch
Microtubule attachment and plus-end dynamics clearly affect
intrakinetochore stretch; however, the contribution of kinetochore
motors to intrakinetochore stretch is poorly understood. Dynein is
of particular interest because of its directionality and its proposed
roles in SAC silencing and in promoting end-coupled microtubule
attachment and intrakinetochore tension (Gassmann et al., 2008;
Howell et al., 2001; Varma et al., 2008; Yang et al., 2007). In dynein-
inhibited cells, centromere stretch is either partially reduced or
unaffected, and kinetochore-microtubule attachment can be normal
even though high levels of Mad2 are retained at kinetochores and
the cells delay in mitosis (Griffis et al., 2007; Howell et al., 2000;
Maresca and Salmon, 2009). Because intrakinetochore stretch was
partially reduced but highly variable following dynein depletion in
Drosophila S2 cells (Maresca and Salmon, 2009), the contribution
of dynein to intrakinetochore stretch remains unclear. A careful
examination of intrakinetochore stretch following dynein inhibition
would be a worthwhile endeavor. We propose that kinetochore-
associated dynein could contribute to silencing the SAC in three
ways: first, by removing coronal Mad1-Mad2 in early prometaphase;
second, by increasing intrakinetochore stretch and thereby reducing
affinity of Mad1-Mad2 for the core-microtubule attachment site;
and third, by stripping this lower-affinity population of Mad1-Mad2
from the core attachment site.
Conclusions and perspectives
Generation of the wait-anaphase signal correlates with reduced
intrakinetochore stretch rather than reduced interkinetochore
centromere stretch. What aspect of reduced intrakinetochore stretch
is crucial for SAC signaling? The nanometer-resolution map of the
HeLa cell kinetochore revealed that the distance between the Ndc80
complex and CENP-A can increase as a result of the extension of
two compliant or flexible components: the first is peripheral
centromeric chromatin containing CENP-A and CENP-C, and the
second is an unknown element between the Ndc80 complex and 
the inner kinetochore component CENP-I. Unlike the relationship












KNL-1 arm and the other end of the Mis12 complex maintain a
constant distance from CENP-I in the presence and absence of tension.
We postulate that movement of the Ndc80 arm closer to the inner
kinetochore contributes to the generation of a wait-anaphase signal
by two possible mechanisms. First, positioning of the Ndc80 arm
closer to Aurora B at the inner centromere might produce bona fide
unattached kinetochores by reducing the affinity of the kinetochore
for microtubules. Second, a conformational change in the Mis12
complex could position the Ndc80 complex relative to KNL-1
within the KMN network in a manner that catalyzes assembly of
the MCC by mechanisms that are not yet understood.
In considering these possibilities, we realized that, although
kinetochore-microtubule attachment is a commonly used phrase in
the field, in reality, it is a murky concept. Electron microscopy can
be used to assay microtubule occupancy at the kinetochore; however,
even if a microtubule occupies the kinetochore space, it is not
possible to determine the extent to which the attachment machinery
at the kinetochore is actively engaging that microtubule. What might
be mechanistically most important is not microtubule occupancy
but rather the residence or dwell time of attachment factors such
as the Ndc80 complex on the microtubule lattice. Shorter dwell
times of Ndc80 complexes could be sufficient to reduce
intrakinetochore stretch and generate a wait-anaphase signal without
compromising the ability of the kinetochore, as a whole, to remain
attached to the kinetochore fiber. The development of experimental
approaches that can more quantitatively assay the degree to which
microtubules are physically engaged with attachment factors at the
kinetochore would greatly advance our mechanistic understanding
of how the SAC pathway is regulated by kinetochore mechanics. 
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